The biochemical basis of contraction-induced signal transduction in skeletal muscle

Starting blocks
How does skeletal muscle adapt to regular exercise? This question has puzzled and enthused exercise physiologists for the best part of half a century since seminal work by John Holloszy demonstrated the remarkable plasticity of skeletal muscle in response to intense exercise training 1 . This phenomenon is overtly illustrated by the remodelling of muscle structure and function, with respect to muscular force, endurance and contractile velocity as a result of alterations in functional demand elicited by regular exercise 2 , or the ability of regular exercise to prevent or ameliorate pathophysiological disease states to which physical inactivity and skeletal muscle insulin resistance contribute 3 .
was an essential development for the study of skeletal muscle metabolism and adaptation, and is now a routine technique in exercise physiology laboratories worldwide. Subsequent contributions from many outstanding research groups have described the biochemical and metabolic responses to exercise, and, latterly, the biology linking the acute molecular response to a single bout of exercise to the mechanistic basis for adaptation to repeated exercise sessions. Additionally, recent progress utilizing transgenic To the sports scientist, the continuum of adaptation to exercise training is manifested by the vastly different morphological appearance, energy utilization and performance parameters of well-trained marathon runners compared with elite power athletes (e.g. 100 m sprinters) (Figure 1) . On a biochemical level, the onset of contraction in skeletal muscle is a potent stimulus resulting in homoeostatic perturbation and initiating signal transduction cascades intrinsic to the operation of working muscle. Signal transduction generally refers to the transfer of signals and stresses from the outside or inside of a cell, usually by kinase or phosphatase cascades or other signalling processes, to cytosolic or nuclear targets. In response to exercise, a variety of cellular sensors acting as, and in concert, with primary and secondary messengers transduce these perturbations (including metabolic, mechanical, hormonal and neuronal stimuli) through complex signal transduction networks that ultimately couple contraction to metabolic and transcriptional processes. How these signals are deciphered and integrated into functional adaptations to training (Table 1) remains an area for intense research.
The molecular basis of exercise training adaptation
The reintroduction of the skeletal muscle biopsy technique by Scandinavian researchers in the 1960s
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June 2012 © Biochemical Society Sport mouse models combined with reductionist cell culture experiments in vitro, and hypothesis-free systems biology approaches, have added new perspectives on the regulation of skeletal muscle plasticity in response to exercise. In short, the key molecular mechanism governing adaptations to exercise training is widely accepted as the gradual alteration of protein abundance and enzyme activity consequent to the repeated, but transient, alterations in transcript abundance induced by individual acute bouts of exercise. Thus the adaptation is mediated at the transcriptional level, where pulses of elevated mRNA during recovery from acute bouts of exercise support the synthesis of the encoded protein components, and provoke gradual structural remodelling and functional adjustments in the long term. Although each individual bout of exercise is necessary as a stimulus for adaptation, it alone is not sufficient to alter muscle phenotype; training-induced phenotypic adaptation is the consequence of repetition of the stimulus of individual exercise bouts.
A single exercise session imposes a metabolic and physiological demand that acts as a stimulus eliciting a molecular signature typical and specific to the imposed demand. This signature couples contraction to transcriptional and translational regulation, and involves the transduction of contraction-induced stimuli through intracellular signal transduction pathways including protein kinases, phosphatases and deacetylases, and their integration into physiological processes by downstream targets, including transcription factors and transcriptional co-regulators, i.e. so-called 'excitation-transcription coupling' . These signal transduction pathways allow Table 1 . The major morphological and functional adaptations in skeletal muscle to exercise training. Adaptations to exercise training can be viewed as the modification of the content and/or enzyme activities of specific proteins induced by a given exercise training stimulus. Endurance (or aerobic) exercise training generally encompasses exercise durations of several minutes up to several hours at various exercise intensities incorporating repetitive low-resistance exercise such as cycling, running and swimming. Resistance (or strength) training generally encompasses short-duration activity at high or maximal exercise intensities, increases the capacity to perform high-intensity high-resistance exercise of a single or relatively few repetitions such as Olympic weightlifting, bodybuilding and throwing events. The goal of endurance training is generally an increase in aerobic fitness, partly reflected by a change in muscle oxidative capacity through increased mitochondrial content and function, and improved function of the cardiovascular system, e.g. capillarization and oxygen delivery. Conversely, the goal of resistance training is generally an increase in muscular mass as a function of increased rates of muscle protein synthesis and accretion, and improvements in strength and power through neural adaptations.
On either end of the continuum, the net effect is to promote optimal functioning during future bouts of exercise, resulting in a more robust defence of homoeostasis and enhanced resistance to fatigue 2 . Extrinsic to skeletal muscle, adaptations in the pulmonary, cardiovascular and neuromuscular systems improve the delivery and extraction of oxygen to skeletal muscle, and enhance the efficiency of metabolism within the muscle cell. Sport integration from physiological stimuli into adaptive tissue responses to co-ordinate metabolic processes in response to exercise. This provides a framework for understanding the continuity and integration between signalling events affecting cellular bioenergetics and the expression of genes that dictate skeletal muscle phenotype. The transcriptional regulation of skeletal muscle adaptation has been described in excellent reviews 4, 5 , whereas we focus on the 'starting blocks' for adaptation, i.e. signal transduction pathways activated by muscular contraction and their biochemical basis.
Biochemical and biophysical responses to exercise
Locomotion is powered by actin-myosin cross-bridge cycling according to the sliding filament theory of skeletal muscle contraction 6 . Hydrolysis of ATP by myosin ATPase provides the immediate energy source for cross-bridge catalysed by myosin ATPase, powers skeletal muscle contraction. Metabolic pathways of ATP generation in skeletal muscle include: (i) the ATP-phosphagen system wherein the degradation of PCr by creatine kinase (CK) produces free Cr and inorganic phosphate (P i ), which is transferred to ADP to re-form ATP. The adenylate kinase (AK) (myokinase) reaction catalyses the formation of ATP and AMP from two ADP molecules; (ii) anaerobic glycolysis, where glucose 6-phosphate (G-6-P) derived from muscle glycogen (GLY) (catalysed by glycogen phosphorylase, PHOS) or circulating blood glucose (GLU) (catalysed by hexokinase, HK) is catabolized to pyruvate (PYR), which is reduced to lactate (LAC) by lactate dehydrogenase (LDH), and produces ATP by substrate level phosphorylation; (iii) processes of carbohydrate (glycolysis) and lipid (b-oxidation) metabolism producing acetyl-CoA (Ac-CoA), which enters the tricarboxylic acid (TCA or Krebs) cycle in the mitochondria, coupled to oxidative phosphorylation in the electron-transport chain (ETC), ultimately producing ATP, CO 2 and water. The two main metabolic pathways, i.e. glycolysis and oxidative phosphorylation are linked by the enzyme complex pyruvate dehydrogenase (PDH). Glucose entering the sarcoplasm may undergo glycolysis as described, or in times of rest, be stored as glycogen via the activity of glycogen synthase (GS). Non-esterified ('free') fatty acids (FFAs) entering the cell may be oxidized via b-oxidation as described, or be diverted for storage as intramuscular triacylglycerol (IMTG) via esterification. Liberation of FFAs from IMTG stores via lipolysis occurs during exercise. G-1-P, glucose 1-phosphate.
Features
June 2012 © Biochemical Society Sport cycling, but is also consumed to a large extent by dynamics of Na + /K + and Ca 2+ exchange necessary for contraction. During intense exercise, the ATP turnover rate in skeletal muscle can be more than 100-fold greater than resting values. As resting intramuscular stores of ATP are small (due to the − 4 overall charge and hydrophilic nature of free ATP), they would be rapidly depleted in the absence of replenishment by activation of metabolic pathways responsible for ATP generation ( Figure 2 and Table 2 ). Importantly, the molecular and biochemical consequences of contractile bioenergetics potentially regulate acute and chronic responses regulating skeletal muscle adaptation. Acute muscle contraction imposes mechanical and metabolic stress, increases ATP turnover, Ca 2+ flux, cellular stress, redox balance, reactive oxygen species (ROS) production and intracellular oxygen pressure, each of which have been implicated in the activation of signal transduction cascades regulating skeletal muscle plasticity. This model provides a molecular mechanism by which fluctuations in energy status of the muscle cell, inextricably linked to the metabolic response of a single bout of exercise, in turn induce cellular adaptation. In the interests of space, we only briefly discuss the major signal transduction pathways activated in exercising skeletal muscle. Several reviews cover these and other pathways in more detail 7, 8 .
Contraction-induced signal transduction pathways in skeletal muscle (Figure 3)
Local tissue oxygenation and hypoxia-inducible factors (HIFs) Independent of exercise, a role for oxygen-sensing has been established in the regulation of adaptive processes in cells. The major signal transduction pathway sensitive to the partial pressure of oxygen (P i O 2 ) is regulated through HIF, a heterodimeric transcription factor composed of two subunits: HIF-1α and HIF-1β. Under normoxic conditions, HIF-1α is hydroxylated and degraded in a process catalysed by prolyl hydroxylase (PHD) enzymes, which are direct sensors of cellular oxygen tension. During hypoxia or conditions of reduced P i O 2 the hydroxylase activity of PHD enzymes is inhibited, allowing stabilization of HIF-1α, which translocates to the nucleus to form an active complex with HIF-1β. Activated HIF-1 induces transcription of target genes involved in erythropoiesis, energy metabolism and angiogenesis, all of which are known to be altered in response to regular exercise. Although the P i O 2 in skeletal muscle at rest is approximately one-fifth of the oxygen pressure of inhaled air, acute exercise results in a reduction in P i O 2 in contracting skeletal muscle to around 1/40th of that of inhaled air. Table 2 . The main biochemical pathways of ATP utilization and provision in contracting skeletal muscle. All pathways of ATP generation are active during exercise, but the relative contribution of each is determined by the intensity and duration of contraction, as a function of the relative power (rate of ATP production) and capacity (potential amount of ATP produced). PCr degradation and anaerobic glycolysis have higher power, but lower capacity, than the aerobic processes. Anaerobic ATP production dominates during short bursts (<5 min) of high intensity exercise, whereas the aerobic processes dominate during prolonged exercise. Exercise intensity, expressed relative to an individual's maximal aerobic capacity (%VO 2max ), is the major determinant of the proportion of energy production derived from aerobic/anaerobic processes and from carbohydrate/lipid metabolism.
Ac-CoA, acetyl-CoA; ETC, electron-transport chain; HK, hexokinase; OXPHOS, oxidative phosphorylation; PHOS, glycogen phosphorylase; PDH, pyruvate dehydrogenase.
Reaction
Enzyme and/or process Accumulating evidence from human and rodent studies suggest that HIF-related signal transduction is relevant to skeletal muscle adaptation, with the superimposition of artificial hypoxia on exercise training eliciting molecular responses that in part explain the beneficial effects of altitude training practiced by elite athletes.
Cellular energy status, ATP turnover and AMPactivated protein kinase (AMPK) signalling AMPK is a serine/threonine kinase that modulates cellular metabolism acutely through phosphorylationdependent changes in enzyme activity and chronically through the regulation of transcriptional processes 9 . Almost all energy-requiring processes in the cell are driven, either directly or indirectly, by hydrolysis of one or other of the acid anhydride bonds in ATP, yielding ADP or AMP. Additionally, two molecules of ADP can be converted into ATP and AMP via the adenylate kinase reaction, resulting in a substantial rise in AMP concentration in response to ATP hydrolysis. AMPK activation is regulated allosterically by AMP, as the name suggests, an effect that is antagonized by high concentrations of ATP. Therefore this pathway acts as a signal transducer sensitive to changes in energy status of the cell (i.e. 'low' energy status), reflected by increases in the AMP/ATP and creatine (Cr)/phosphocreatine (PCr) ratios that occur in response to exercise. Acute exercise increases the phosphorylation state and enzymatic activity of AMPK, and this occurs in an intensitydependent manner 10 , analogous to intensity-dependent effects of exercise on ATP turnover and adenine nucleotide concentrations. AMPK activation affects skeletal muscle metabolism so as to conserve ATP by inhibiting biosynthetic pathways and anabolic pathways 
Mechanical stress, ROS and mitogen-activated protein kinase (MAPK) signalling
Growth factors, cytokines and cellular stress lead to changes in activity of various members of the MAPK family. These signal transduction cascades are well established in physiological processes such as cell proliferation, differentiation, hypertrophy, inflammation, gene expression and apoptosis 13 . MAPKs phosphorylate diverse substrates, including transcription factors and coactivators localized in the cytoplasm or nucleus, thereby forming a basis for the regulation of transcriptional events. Acute exercise activates three main subfamilies of MAPK in human skeletal muscle: (i) the extracellularsignal-regulated kinase 1/2 (ERK1/2), (ii) c-Jun N-terminal kinase (JNK), and (iii) p38 MAPK. Activation of MAPKs in skeletal muscle is stimulus-specific 14 . For example, the level of p38 MAPK activation is somewhat dependent on the nature of exercise or training status (constitutive activation of p38 MAPK increases markers of mitochondrial adaptation in skeletal muscle 15 ), whereas the predominance of eccentric or concentric contractions can influence other MAPK activation patterns. Additionally, contracting skeletal muscle is a potent site of ROS production, and in particular through superoxide production by complexes I and III of the electron-transport chain. ROS are potent activators of MAPK signalling, and also activate the transcriptional factor nuclear factor κB (NF-κB), again thereby linking signal transduction to transcriptional processes.
Ca
2+ flux and Ca 2+ /calmodulin-dependent protein kinase (CaMK) signalling Ca 2+ is essential for facilitating the cross-bridge interaction between myosin and actin during myofibrillar contraction. A transient increase in cytosolic Ca 2+ concentration is triggered by each wave of sarcolemmal depolarization during muscle contraction, and mounting evidence links these Ca 2+ transients and associated activation of Ca 2+ -dependent protein kinases and phosphatases with adaptive responses to exercise. The frequency, intensity and duration of neural stimulation determine the amplitude and duration of the Ca 2+ transients, and consequently the level of force output by the muscle. Ca 2+ oscillations are translated into discrete kinase activity by CaMKs, a class of multifunctional serine/threonine protein kinases 16 . In human skeletal muscle, CaMKII is the dominant isoform and its phosphorylation is increased by exercise in an intensity-dependent manner 10 . This effect may be related to the greater proportion and different types of fibre recruited, or the higher Ca 2+ concentrations expected at higher force outputs. Exercise-intensity-dependent CaMKII activation is consistent with CaMKII being a stimulation-frequency decoder in skeletal muscle. This raises the possibility that Ca 2+ signalling may be acutely sensitive to different types of contraction, such as resistance compared with endurance, which, on the basis of their relative amplitude and frequency described above, could result in activation of different pathways of signal
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June 2012 © Biochemical Society Sport transduction. Permissive effects are described for CaMKs and Ca 2+ signalling on substrate metabolism, and skeletal muscle plasticity 16 .
High-force stimuli and the mammalian target of rapamycin (mTOR)/ribosomal S6 protein kinase 1 (S6K1) axis All forms of muscular contraction result in the application of tension (load) on an active muscle. However, the muscle enlargement ('hypertrophy') consequent to high mechanical loads present during resistance exercise is largely determined by the activation of mTOR, and the activation of the downstream targets, including the 70 kDa S6K1 (also known as p70 S6K ), eukaryotic initiation factor 4E-binding protein 1 (4E-BP1) and eukaryotic elongation factor 2 (eEF2), which regulate muscle protein synthesis through canonical pathways of protein translation and ribosome biogenesis. mTOR is a multi-protein signalling complex and serine/threonine kinase that integrates nutrient and metabolic stimuli to regulate cell growth and proliferation. Activation of this pathway by contraction drives translational processes, increases the rate of muscle protein synthesis, and is the principal mediator of muscle hypertrophy through protein accretion. Early work focused on the (transient) post-exercise rise in blood-borne anabolic hormones such as growth hormone and insulin-like growth factor (IGF)-I, and consequent activation of a signalling cascade through phosphoinositide 3-kinase (PI3K)/ Akt/mTOR by IGF-I interaction with insulin and IGF receptors. However, in recent years, the paradigm has shifted focus to IGF-I-independent mechanisms of contraction-induced muscle growth. In this model, factors intrinsic to the working muscle, specific to resistance-type high-force contractions in particular, result in mechanosensory regulation of muscle protein synthesis. For example, high-force contractions can result in transient disruption of the sarcolemma (the lipid bilayer that surrounds a muscle cell), resulting in signal transduction such as the release of phosphatidic acid (PA), a membrane phospholipid released by phospholipase D (PLD) activation, and activation of focal adhesion kinase (FAK) proteins, a class of transmembrane receptors that act as protein tyrosine kinases. Both regulate the activity of mTOR and S6K1, and, whereas other upstream regulators of mTOR activity respond to contraction, mTOR activation itself is essential to load-induced muscle growth.
Finishing line: signalling specificity, cross-talk, interference and redundancy
A multiple signal transduction-transcription-coupled control system with inherent redundancy has the potential advantage of allowing for fine-tuning of adaptive responses to multiple metabolic and physiological stimuli as is required in the context of exercise training. This also provides a framework for understanding the diverse phenotypic response to endurance compared with resistance-based training. Whereas both endurance and resistance exercise share the same fundamental characteristics of 'exercise' in muscular contraction, elevated energy expenditure and disruption of homoeostasis, the metabolic and molecular responses to the different modalities are distinct and are reflected in the nature of adaptation (Table 1) . In this sense, endurance exercise imposes a high-frequency (repetition), low-power output (load) demand on muscular contraction, whereas resistance exercise imposes a lowfrequency high-resistance demand. These differences result in divergent molecular signatures in response to endurance compared with resistance exercise 14 , or the same conditions simulated in vitro 17 , and are consistent with the divergent physiological and functional adaptations to the respective exercise modalities. The mechanistic basis underlying the divergence in adaptation has been elegantly described elsewhere 18 , but is essentially explained by the aforementioned specificity in signalling response to imposed demand. One point to note, however, is that the specificity of 
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June 2012 © Biochemical Society Sport exercise training and the molecular responses elicited is not absolute. Recent work using high-intensity interval training (HIIT) consisting of a small number of repeated, intermittent sets of high (force) power output, all-out sprint activity demonstrates a remarkable capacity to improve endurance performance, and elicit a molecular response similar to those associated with an endurance phenotype 19 . In practice, HIIT represents a model of exercise that falls somewhere in between the opposite ends of the endurance-strength continuum (Figure 4) , whereas specific signalling responses to isolated endurance and strength activities have important implications. In the early 1980s, Bob Hickson proposed the idea of the 'concurrent training effect' or 'interference effect' 20 . Simply put, simultaneously training for both endurance/aerobic and resistance/strength results in a compromised adaptive gains compared with training with either exercise mode alone. Data from elite decathletes confirm as much, suggesting that it is possible to excel at disciplines that require predominantly endurance or predominantly strength/ power, but not both 21 . This phenomenon has been explained by the specificity in intracellular signal transduction to endurance compared with strength activity 22 . In this model, the activation of AMPK by endurance exercise antagonizes the activation of mTOR, and thereby protein synthesis, by resistance exercise, suggesting that the concurrent training effect is due to conflicting molecular reprogramming that underlies the respective adaptations 22 . This succinctly illustrates the merit in utilizing molecular investigative tools to explore the mechanistic basis of training adaptation and inform exercise prescription. This marriage between complimentary fields of research represents a new vista in exercise science that could also potentially result in personalized targeted exercise interventions rooted in a greater understanding of the molecular biology and biochemistry of exercise serving to complement existing broad recommendations for exercise in public health policy. Finally, as the metabolic and molecular responses to exercise are by and large in proportion to the stress of the exercise bout, one might consider optimizing the oft-stated epigram 'no pain, no gain' as 'no physiological strain, no gain'! ■
